Sclerotinia trifoliorum and Sclerotium rolfsii are pathogens for which similar mechanisms of parasitism have been proposed. This suggested that resistance to these pathogens may be related in a common host plant. This study was undertaken to determine whether selection for quantitative resistance to Sclerotinia trifoliorum in alfalfa also increases resistance to Sclerotium rolfsii as expressed in excised leaf tissues and whole plants. Resistance in excised leaf tissues was evaluated according to the rate of necrosis induced by Sclerotium rolfsii following inoculation with mycelium. Resistance to Sclerotium rolfsii in whole plants was evaluated according to their survival following crown inoculations. Three alfalfa populations previously selected from cv. Delta for quantitative resistance to Sclerotinia trifoliorum exhibited enhanced resistance to Sclerotium rolfsii, in comparison with Delta or with susceptible populations, in excised leaf tissues. When whole plants of Delta and two of these populations, Sclerotinia trifoliorum resistant (STR) and Mississippi Sclerotinia resistant (MSR), were inoculated with Sclerotium rolfsii at 3 to 8 weeks of age, significant (P = 0.01) differences in survival were attributed to plant age at inoculation and alfalfa populations. Survival of both MSR and STR was significantly (P = 0.05) greater than for Delta; the best differential results were obtained by inoculating plants 5 to 7 weeks old. To evaluate relationships of resistance to Sclerotinia trifoliorum and Sclerotium rolfsii over a broader genetic background, additional populations were selected for resistance to Sclerotinia trifoliorum from four other alfalfa cultivars by leaf-inoculation techniques, and this resistance was confirmed by whole-plant inoculations. In excised leaf tissues, all four of these populations also expressed enhanced resistance to Sclerotium rolfsii in comparison with either parent cultivars or populations of comparable size selected at random. These results establish that selection for quantitative resistance to Sclerotinia trifoliorum in alfalfa also confers enhanced resistance to Sclerotium rolfsii as expressed in excised leaf tissues and whole plants. Results suggest, therefore, that genes for quantitative resistance to Sclerotinia trifoliorum and Sclerotium rolfsii in alfalfa are likely to be synonymous, overlapping, or closely linked.
Sclerotinia trifoliorum Eriks. and Sclerotium rolfsii Sacc. are taxonomically and ecologically diverse pathogens of alfalfa in the southeastern United States. Sclerotinia trifoliorum is an ascomycete that can damage or destroy first-year stands of fall-seeded alfalfa. Disease is initiated by ascospore infection in late autumn and involves rotting of leaves, stems, and crowns, and death of plants, during winter and early spring. Disease occurs only on alfalfa, clover, and other forage legumes among cultivated crops, but nonleguminous weeds also may be infected (24) . Sclerotium rolfsii, in contrast, is the imperfect stage of a basidiomycete (Athelia rolfsii (Curzi) Tu & Kimbrough) that causes disease only during summer months (2) . Infection is initiated by direct penetration of hyphae following mycelial germination of sclerotia in soil and thatch and often is preceded by saprophytic growth. Symptoms consist primarily of water-soaked rotting of infected leaves, stems, and roots. S. rolfsii attacks a wide range of dicotyledonous plants and some grasses (2) ; it has been reported on alfalfa (Medicago sativa L.) in numerous states in the Southeast (5) and occasionally caused significant losses (1) .
Despite broad taxonomic and ecological differences between them, Sclerotinia trifoliorum and Sclerotium rolfsii are believed to cause disease in plants by fundamentally similar mechanisms of parasitism. Both fungi are believed to secrete oxalic acid and pectinolytic enzymes in infected host tissue during pathogenesis (3, 6, 7, 12, 13, 15, 23, 26) ; these compounds may act independently (7) or in concert (3, 12, 23) to sequester calcium from cell walls, hydrolyze pectin compounds, lower pH, and suppress host defensive responses (6, 12) .
Resistance to Sclerotinia trifoliorum in alfalfa, as elucidated in recent years (9, (16) (17) (18) (19) (20) (21) , manifests all of the characteristics of a quantitative genetic system. In such a system, differences in host phenotype comprise a continuous gradient from the most highly resistant to the most highly susceptible, with no discrete categories or separations within it (4) . Such quantitative phenotypic gradients are caused primarily by additive interactions of alleles at multiple loci, and dominance-recessive relationships between genes are minimal or nonexistent (4, 8) . Expression of resistance in quantitative systems is often variable and strongly influenced by procedural and environmental variables such as inoculum level and light intensity (14) . In responses of alfalfa to infection by Sclerotinia trifoliorum, quantitative phenotypic gradients in resistance and susceptibility are manifested at all levels of genetic organization, from cultivars to families to individual progeny of selfs or crosses (9, 17, 19) . Successful breeding for resistance in this and other quantitative systems consists of moving population means toward the resistant end of the gradient (17, 25) .
Rapid progress in selection for resistance to Sclerotinia trifoliorum in alfalfa has been made in recent years. Selection for heritable resistance has been demonstrated by stem (9, 18) , leaf (17) , and whole-plant (16) inoculation techniques. Selection by stem and leaf inoculation techniques has given increased resistance in progeny that was expressed in excised leaves (17) , in excised stems (17, 18) , with whole-plant inoculations under controlled conditions (17) (18) (19) 21) , and with natural infection in the field as measured both by reduced disease severity (18, 21) and increased yield (17, 20) .
For Sclerotium rolfsii on alfalfa, attempts to evaluate or select for host resistance have not been reported from North America. In Japan, however, cultivar differences in severity of disease caused by Sclerotium rolfsii were observed following natural infection (11) . Selection for reduced mortality or disease severity in naturally infected populations gave positive responses in progeny (10) .
If mechanisms of parasitism are similar for Sclerotinia spp. and Sclerotium rolfsii, as past research has suggested (3, 6, 12, 13, 23) , then it appeared reasonable that resistance to the two pathogens may be related in a common host plant. The availability of multiple populations of alfalfa with resistance to Sclerotinia trifoliorum, recently developed from cv. Delta (17, 18, 21) , and knowledge of how to efficiently select for resistance from other sources (17) , afforded an opportunity to test this hypothesis. Therefore, this study was undertaken to determine whether enhanced resistance to Sclerotium rolfsii is present in excised leaf tissues and whole plants of alfalfa populations selected for quantitative resistance to Sclerotinia trifoliorum.
Resistance to Sclerotium rolfsii was evaluated primarily by inoculation of excised leaf tissues because these enabled rapid assays of numerous genotypes with minimal time, space, and effort. Resistance to Sclerotium rolfsii was evaluated both in three populations previously selected for resistance to Sclerotinia trifoliorum from cv. Delta and in four additional populations newly selected from four other alfalfa cultivars. Whole plants of cv. Delta and two of the Sclerotinia-resistant populations derived from it also were inoculated with Sclerotium rolfsii, and mortality was evaluated, to verify that the enhanced resistance observed in excised leaves is also expressed in whole plants. A preliminary report has been presented (22) .
MATERIALS AND METHODS
Alfalfa populations previously selected for resistance to Sclerotinia trifoliorum from cv. Delta. Three alfalfa populations previously selected for resistance to Sclerotinia trifoliorum from cv. Delta, Sclerotinia trifoliorum resistant (STR), Mississippi Sclerotinia resistant (MSR), and "resistant progeny," were evaluated for responses to Sclerotium rolfsii in comparison with Delta by inoculation of excised leaf tissues and whole plants. The resistant progeny population also was compared to susceptible and randomly selected populations from Delta. STR and MSR also were evaluated by whole-plant inoculations.
STR is an experimental population selected by stem inoculations. Resistance of STR was expressed following stem inoculations, whole-plant inoculations, and natural infection in the field (18) .
MSR was selected largely by leaf inoculations (17) and released as a Sclerotinia-resistant germ plasm (21) . In whole-plant inoculation experiments, MSR was more resistant to Sclerotinia trifoliorum than 26 cultivars, and resistance was expressed against multiple isolates of both Sclerotinia trifoliorum and Sclerotinia sclerotiorum. The resistance of MSR also was manifested with natural infection in the field (20, 21) .
The resistant progeny population was produced by intercrossing plants selected for resistance entirely by leaf-inoculation techniques to demonstrate their effectiveness (17) . Progeny also were produced from plants selected for susceptibility to Sclerotinia trifoliorum ("susceptible progeny") and selected at random ("random progeny") to provide additional controls. Resistant progeny exhibited resistance to Sclerotinia trifoliorum in comparison with Delta, random progeny, and susceptible progeny in excised leaf tissue, excised stems, whole plants, and with natural infection in the field (17) . In the present study with Sclerotium rolfsii, resistant progeny were compared with susceptible progeny and random progeny in addition to Delta by inoculation of excised leaf tissue.
Growth of plants and preparation of inoculum. Alfalfa seed germinated for 2 to 3 days on inverted plates of water agar were planted by hand in cone-shaped plastic cylinders (12 cm deep, 45-cm 3 capacity) containing a commercial potting mixture (Jiffy Products of America, Batavia, IL), nodulated with Rhizobium meliloti Dangead, and grown in the greenhouse with weekly fertilization as described elsewhere (18) . An isolate of Sclerotium rolfsii from white clover (Trifolium repens L.) in Mississippi was maintained as air-dried sclerotia at room temperature. To generate colonies, sclerotia were hydrated with sterile water, bisected, and placed on Difco cornmeal agar (CMA) (Difco Laboratories, Detroit). Agar disks from colony margins on CMA were used to inoculate leaf disks and crowns of whole plants. The isolate of Sclerotinia trifoliorum (Alf-2) from previous studies (17-19) also was used here to select for resistance from additional alfalfa cultivars and to evaluate resistance of populations. It was maintained as air-dried sclerotia, and colonies were generated as for Sclerotium rolfsii. Mixtures of wheat and oat grain were infested with Sclerotinia trifoliorum, dried, comminuted, and applied to foliage for whole-plant inoculations as in previous studies (17) (18) (19) .
Inoculation of excised leaf tissues with Sclerotium rolfsii and evaluation of symptom development. All alfalfa populations selected for resistance to Sclerotinia trifoliorum were evaluated for responses to Sclerotium rolfsii, in comparison with parental cultivars ± other populations, in excised leaf tissues. Leaflets of trifoliolate leaves were collected and inoculated with Sclerotium rolfsii by a method similar to that used previously with Sclerotinia trifoliorum (17) . Specifically, a terminal leaflet was collected from the second fully expanded leaf proximal from a growing stem tip, and a disk (12 mm in diameter) was cut from the leaflet and placed in a small petri dish (3.5 cm in diameter) containing water agar. A disk of agar and mycelium (4 mm in diameter) was cut from the growing colony margin of Sclerotium rolfsii on Difco CMA and inverted over the center of each leaf disk. Plates with inoculated leaf disks were incubated under fluorescent plant growth lights (80 mols m -2 s -1 intensity, 12-h photoperiod) at 24°C. Leaf disks were observed daily for 7 days and scored as described for Sclerotinia trifoliorum (17) . Scores were assigned inversely according to days when tissue became completely necrotic within a week after inoculation (e.g., disks completely necrotic at 2, 3, 4, 5, 6, and 7 days after inoculation were scored "6", "5", "4", "3", "2", and "1", respectively). Disks not completely necrotic at 7 days after inoculation were scored "0.00" to "0.99" based on the percentage of tissue estimated to be necrotic (0.00 to 0.99). Controls with noninfested agar were not utilized because necrosis did not develop in uninoculated leaf disks during incubation for a week under growth lights.
The MSR and STR populations each were compared with cv. Delta in separate, repeated experiments with 50 replicate leaves of each treatment arranged in completely random designs on the growth bench. Means of the two treatments in each experiment were compared by analysis of variance (ANOVA) (P = 0.05). Resistant progeny were compared with Delta and also with susceptible progeny and random progeny in the same manner and by use of Fisher's protected least significant difference (LSD) test (P = 0.05). In populations newly selected for resistance to Sclerotinia trifoliorum from other alfalfa cultivars, resistant progeny from each cultivar were compared with the parent cultivars and also to progeny of randomly selected plants (random progeny) in separate, repeated experiments with 50 replicate leaves of each treatment arranged in completely random designs. Treatment means were compared by ANOVA and use of Fisher's protected LSD test (P = 0.05).
Inoculation of whole plants with Sclerotium rolfsii. Wholeplant inoculations were performed with Sclerotium rolfsii and plants of Delta, MSR, and STR at six ages to verify that differ-ences in resistance observed in excised leaves also were expressed in whole plants. For each experimental unit, eight cones with plants of a single population were placed in a clay pot (10.5 cm in diameter, 374-cm 3 capacity) and sand was added around cones to hold them erect as in previous studies (18, 19) . Size differences between plants in each population were randomized among pots. To inoculate a plant, potting mixture was scraped away to expose one side of the upper taproot, and the surface of a disk of agar and mycelium (12 mm in diameter) from a colony margin on CMA was appressed to the upper taproot and crown with growing hyphal tips pointed vertically toward the stem. Sand was added to cover the agar disk and base of the stem. Each pot with eight inoculated plants was placed in a plastic cup (8 cm high, 560-cm 3 capacity), and the cup was placed in a transparent plastic bag (42 cm high, 4.3-liter capacity) containing approximately 180 ml of water. The bag was drawn up over stems and sealed to create a humidity chamber (19) 
In each of two whole-plant inoculation experiments with Sclerotium rolfsii, plants of STR, MSR, and Delta were inoculated at 3, 4, 5, 6, 7, and 8 weeks of age. Ten replicate pots of each treatment were arranged in a randomized complete-block design. Main effects and interactions of alfalfa populations and plant age were evaluated by ANOVA for a 3-by-6 factorial experiment. Significant differences between alfalfa populations based on mean numbers of plants killed per pot were identified by Fisher's protected LSD test (P = 0.05). Responses to plant age were evaluated by regression analysis using SAS procedures (SAS Institute, Cary, NC).
Selection and evaluation of additional alfalfa populations with resistance to Sclerotinia trifoliorum. Populations with resistance to Sclerotinia trifoliorum were selected from four additional alfalfa cultivars and evaluated for responses to Sclerotium rolfsii to determine whether resistance to the two pathogens is related over a broad genetic background. Cvs. Magnum-III-Wet, Pioneer 5472, WAMPR, and WL-323 were chosen as sources for (19) . One thousand plants of each cultivar were screened for resistance by leaf-inoculation techniques as described (17) , beginning at 10 to 11 days of age, in seven or eight successive experiments with unifoliolate leaves and trifoliolate leaflets. After each screening experiment, the most susceptible-appearing 50% or more of plants were eliminated. The 10 most resistant-appearing plants from each cultivar were intercrossed to produce each resistant population. Ten additional plants from each cultivar were selected at random and intercrossed to produce a random population as a control for reduced population size.
Resistant populations, random populations, and the parent cultivars were compared for survival following inoculation of 3 and 1/2-to 4-week-old plants with comminuted, infested grain inoculum of Sclerotinia trifoliorum that was applied to foliage as in previous studies (17) (18) (19) . In all, 12 to 15 replicate pots (eight plants per pot) of each population were inoculated in each experiment. Two experiments were performed for each cultivar and the resistant and random populations selected from it. In each experiment, plants were arranged in a randomized complete-block design and grown under the growth lights at 15 to 19°C for the duration of the experiment. Survival was evaluated at 24 days after inoculation, and mean numbers of surviving plants in each treatment were compared by ANOVA and use of Fisher's protected LSD test (P = 0.05). When significant differences were inconsistent between experiments, ANOVA was performed on combined results if heterogeneity of variance was not significant (P = 0.05).
RESULTS
Resistance to Sclerotium rolfsii in excised leaf tissues of alfalfa populations from cv. Delta. Mean disease scores of the MSR and STR populations, previously selected for resistance to Sclerotinia trifoliorum from cv. Delta, were both significantly less than for Delta after inoculation with Sclerotium rolfsii in each of two experiments (Table 1) . Mean scores of resistant progeny were significantly less than for Delta in one experiment and less than scores of random progeny and susceptible progeny in both experiments ( Table 1 ). The ranking of mean scores following inoculation with Sclerotium rolfsii (resistant progeny < Delta < random progeny < susceptible progeny) was the same as that observed previously following leaf inoculations with Sclerotinia trifoliorum (17) .
Resistance to Sclerotium rolfsii in whole plants of alfalfa populations from cv. Delta. Plants of all treatments often became slightly wilted after exposure to ambient air following incubation for 3 days in sealed plastic bags, but this wilting usually disappeared after 24 h. Initial symptoms of disease developed on some plants in the youngest age groups of Delta and the MSR and STR populations by 3 days after inoculation. Leaves and stems wilted and visible white mycelium emanated from bases of stems. Most wilted plants collapsed and died within several days. Numerous additional plants continued to wilt and die during the next 7 to 10 days, but further initiation of symptoms and mortality then occurred only sporadically. By 24 days after inoculation, nearly all surviving plants showed new stem and leaf growth with no incipient disease symptoms.
In both experiments, significant differences in mortality were attributed to plant age and alfalfa populations. In one experiment, an interaction between these factors was significant (P = 0.05), whereas in the other it was not (Table 2) . Mortality was greatest in plants 3 or 4 weeks old at time of inoculation (means 61 and 60%, respectively, across populations and experiments), and it decreased to very low levels in plants 8 weeks old (mean 3% across populations and experiments). Regression equations for mortality at different plant ages were computed for each experiment and slopes were compared. There was no significant (P = 0.05) difference between slopes; therefore, data were combined over experiments and a linear regression equation was computed as: mortality = 8.29 -1.06(plant age at time of inoculation). The slope of this equation differed significantly from zero (r 2 = 0.82). Across plant ages, mortality was significantly (P = 0.05) greater in cv. Delta than in the MSR and STR populations in both experiments (Table 3) .
Selection and evaluation of alfalfa populations with resistance to Sclerotinia trifoliorum from other cultivars. Populations selected for resistance to Sclerotinia trifoliorum from cvs. Magnum-III-Wet, Pioneer 5472, and WL-323 exhibited significantly greater survival of plants than both the parent cultivars and random populations following inoculation with Sclerotinia trifoliorum (Table 4 ). The population selected for resistance from WAMPR exhibited greater survival than both the parent cultivar and the random population in one experiment, while significant differences did not occur in the other. When results of the two experiments were combined, the population selected for resistance exhibited significantly greater survival than both the parent cultivar and random population.
Resistance to Sclerotium rolfsii in excised leaf tissues of alfalfa populations from other cultivars. Following inoculation of excised leaf tissues with Sclerotium rolfsii, mean disease scores of populations selected for resistance to Sclerotinia trifoliorum from the four alfalfa cultivars were significantly less than for the parent cultivars and random populations in all experiments (Table  5) . Random populations usually did not differ significantly from parent cultivars.
DISCUSSION
Results of this study demonstrate that enhanced resistance to Sclerotium rolfsii, as manifested by a reduced rate of rotting following mycelial inoculations, is expressed in excised leaf tissues of each of seven alfalfa populations selected for resistance to Sclerotinia trifoliorum from five cultivars. Six of the seven populations were selected largely or entirely on the basis of leaf-tissue responses to Sclerotinia trifoliorum. The consistency of relatively resistant responses to Sclerotium rolfsii in these populations indicates that factors for quantitative host resistance to Sclerotinia trifoliorum and Sclerotium rolfsii are related in alfalfa leaf tissue. Although numerous plant species are common hosts for both Sclerotinia spp. and Sclerotium rolfsii, to our awareness this is the first demonstration (22) of a commonality of quantitative resistance to the two pathogens in the same host plant.
Results further demonstrate that, in two populations previously selected from cv. Delta for quantitative resistance to Sclerotinia trifoliorum (STR and MSR) (18, 21) , similar resistance to Sclerotium rolfsii also is expressed as reduced mortality following whole-plant inoculations. Results were consistent in that each selected population manifested less mortality than Delta when averaged across plant ages in both experiments. Therefore, selection for quantitative resistance to Sclerotinia trifoliorum in alfalfa gives enhanced resistance to Sclerotium rolfsii as manifested both by excised-leaf and whole-plant inoculations.
The relatedness of resistance to Sclerotinia trifoliorum and Sclerotium rolfsii in leaf tissue and whole plants of the common host plant, alfalfa, supports the concept that these pathogens have similar mechanisms of parasitism. Although most studies have been conducted independently for the two genera, similar conclusions and hypotheses have been advanced. Oxalic acid and pectinolytic enzymes are considered the principal compounds involved in parasitism by both Sclerotinia spp. (3, 6, 7, 12, 13, 16, 26) and Sclerotium rolfsii (3, 6, 23) ; these may act independently (7) or synchronously (3, 12, 23) to break down cell walls and suppress host defensive responses (6, 12) . If these or other mechanisms of parasitism are similar for Sclerotinia spp. and Sclerotium rolfsii, as past studies suggest, then host resistance to either pathogen also should be effective against the other. Results of this study indicate that such a dual effectiveness of quantitative host resistance is expressed in alfalfa. An alternative hypothesis for the cause of common quantitative resistance to Sclerotinia trifoliorum and Sclerotium rolfsii in alfalfa is that quantitative traits may exist that confer generalized resistance to these unrelated pathogens for reasons unrelated to their modes of parasitism. Some evidence is known in other pathosystems for the occurrence of similar or closely linked quantitative trait loci that are effective against diverse pathogens (27) .
The trifoliolate leaflet inoculation technique, previously developed and evaluated for use with Sclerotinia trifoliorum on alfalfa (17) , was also highly effective in discriminating between levels of resistance to Sclerotium rolfsii among alfalfa populations. These results indicate that the same technique could be used to select for resistance to Sclerotium rolfsii in alfalfa, and very likely also in other crops on which Sclerotium rolfsii is an economically important pathogen. Whole-plant inoculations, in contrast, would likely be impractical and comparatively ineffective to use in selecting for resistance to Sclerotium rolfsii in alfalfa because of the strong modifying influence of plant age on survival and the lack of opportunity for repeated testing of putative resistant selections.
These results confirm previous reports from Japan (10, 11 ) that quantitative resistance to Sclerotium rolfsii is present in alfalfa. They also demonstrate for the first time that plant age at time of inoculation with Sclerotium rolfsii has a major influence on mortality of alfalfa. The decreased susceptibility to Sclerotium rolfsii with increased plant age appears to parallel a similar situation with Sclerotinia trifoliorum, in which disease severity is reduced with early fall plantings that result in older, larger, and more resistant plants by the time that mycelial disease development is initiated (24) . If mechanisms of parasitism are similar for Sclerotium rolfsii and Sclerotinia trifoliorum, and if host resistance to these two pathogens is related as demonstrated here, then factors such as plant age that strongly influence host-pathogen interactions in one disease also may be expected to manifest parallel effects in the other. x Each value is the mean disease score for 50 replicate leaf disks, one disk per plant. High mean scores indicate greater severity of symptoms, low mean scores indicate lesser severity. Scores of 1 to 7 were assigned inversely according to days on which leaf disks became completely necrotic within 1 week after inoculation. For leaf disks not completely necrotic after 1 week, scores of 0.00 to 0.99 were assigned according to estimates of percentages of tissue that were necrotic. y Random populations were produced by intercrossing 10 plants selected at random from each cultivar. Resistant populations produced by intercrossing 10 plants selected for resistance to Sclerotinia trifoliorum by leaf-inoculation techniques from 1,000 plants of each cultivar. z Means within experiments and source cultivars not followed by the same letter differ significantly at P = 0.05 according to the least significant difference test.
